Adequate thiamin levels are crucial for optimal health, through maintenance of homeostasis and viability of metabolic enzymes, which require thiamine as a co-factor. Thiamin deficiency occurs during pregnancy when dietary intake is inadequate or excessive alcohol is consumed. Thiamin deficiency leads to brain dysfunction due to its involvement in synthesis of myelin and neurotransmitters (eg. acetylcholine, γ-aminobutyric acid, glutamate), and increases oxidative stress by decreasing the production of reducing agents. The deficiency also leads to neural membrane dysfunction since thiamin is the structural of component of mitochondrial and synaptosomal membranes. Similarly, alcohol exposure in-utero leads to fetal brain dysfunction, resulting in negative effects such as Fetal Alcohol Spectrum Disorders (FASD). The outcomes of thiamin deficiency and prenatal alcohol exposure could generate negative effects synergistically on fetal development, however this area of research is understudied. This review summarizes the evidence of the potential role of thiamin deficiency in fetal brain development with and without prenatal alcohol exposure. Such evidence may influence the development of new nutrition strategies for preventing or mitigating the symptoms of FASD.
Introduction
Maternal abuse of alcohol and its effect on the developing fetus has been widely studied for several decades. Prenatal alcohol consumption is associated with Fetal Alcohol Spectrum Disorder (FASD), an umbrella terminology used to describe alcohol-related negative birth outcomes. Alcohol induces fetal damage in a variety of ways including intrauterine growth restriction (IUGR), dysmorphic features, central nervous system (CNS) damage, which results in behavioral abnormalities and poor development of social skills in the postnatal life (Ba, 2011; Esper and Furtado, 2014) . Among the negative outcomes, those leading to CNS dysfunction are considered the most detrimental. These include neuronal cell loss, abnormal dendritic patterns, low brain weight and microcephaly, atypical axonal projections, and irregular proliferation of cortical neurons (Ba, 2011; 2013) . Similarly, maternal thiamin deficiency has shown to be linked to IUGR, neuronal cell death, poor myelin synthesis, decreased brain weight, and other physiological abnormalities (Ba, 2011; Reddy and Ramakrishnan, 1982; Levin et al. 1985; Fattal-Valvski et al. 2009; Heinze and Weber, 1990 ).
One of the most common nutritional deficiencies which occur as a consequence of alcohol consumption is thiamin deficiency. Alcohol consumption in conjunction with thiamin deficiency during gestation can aggravate CNS abnormalities during fetal development (Ba, 2005) . Therefore, close monitoring of this nutrient may be necessary in pregnant mothers consuming alcohol. However, the information on the role of thiamin in prenatal alcohol exposure is scarce. This review seeks to answer whether thiamin plays a crucial role during fetal brain development with prenatal alcohol exposure, as it may be critical in strategizing a potential nutrition intervention for preventing or mitigating the symptoms of FASD.
D r a f t 4
The scientific articles for this review were searched through PubMed database. The search included the terms or combination of, thiamin, pregnancy, fetal development, brain development, alcohol, nervous system, fetus, cognitive development, vitamin B1, WernikeKorsakoff, fetal alcohol spectrum disorder/fetal alcohol syndrome, and nutrition. Since this review revisits the evidence of the proposed topic, all the studies published up to now were considered for this review.
The criteria for inclusion were: 1) published in English; 2) original research on the topic excluding review articles; 3) used human or animal models. Studies were excluded or dismissed if they only had investigated the effect of thiamin deficiency on physiological systems, but did not include CNS. In addition, any studies that did not examine the effect of thiamin deficiency during the early stages of life, such as prenatal, postnatal and lactation, were excluded.
Alcohol, Thiamin Malnutrition and the Central Nervous System

Thiamin daily requirements
The Dietary Reference Intake (Institute of Medicine, 2014), or daily requirement, for thiamin for adults ages 19 years and older is 1.2 mg daily for males and 1.1 mg daily for females, taken orally. The recommendations for pregnant women increase slightly to 1.4 mg of thiamin per day (Institute of Medicine, 2014) . The food sources of thiamin include grain products, organ meat, pork and beef, poultry, eggs, beans, fish, and nuts.
Thiamin is pH and heat sensitive nutrient, thus the amounts of thiamin are substantially reduced after processing and cooking of food. In addition, due to thiamin's water-solubility, the storage of thiamin is limited (approximately 30 mg) in various tissues of the body (Institute of D r a f t 5 Medicine, 2014). Thus, a constant supply of this nutrient is necessary, especially during pregnancy when fetal and maternal metabolic demands are deemed to be high.
Thiamin phosphates derivatives
Thiamin, also known as vitamin B1, is an essential, water-soluble micronutrient that is necessary for metabolism of macronutrients such as fats, proteins and carbohydrates (Martin et al. 2003) . The vitamin is composed of a pyrimidine ring (2,5-dimethyl-6-aminopyrimidine) and a thiazolium ring (4-methyl-5-hydroxy ethyl thiazole) connected together by a methylene bridge.
Four different forms of thiamin exist in the human body; free thiamin, thiamin-monophosphate, -diphosphate, and -triphosphate (Tallaksen et al. 1992) (Figure 1 ). An active form is thiamin diphosphate (TPP), which represents about 80% of the total thiamin concentration in the human tissues and the blood (Tallaksen et al. 1992) . High concentrations of TPP are found in the liver, kidney, myocardium, and brain, indicating high metabolic demand in these tissues (Homewood et al. 1997) .
Thiamin transporters
SLC19A1, SLC19A2 and SLC19A3 are responsible for mediating the transport of thiamin.
All three transporters exhibit significant structural similarity, however they use different forms of thiamin as their substrates. SLC19A1 is responsible for transporting mono-and pyro-phosphate derivatives of thiamin , whereas SLC19A2 and SLC19A3 transporters are responsible for transporting thiamin in its cationic form (Dutta et al. 1999; Rajgopal et al. 2001 ).
All transporters are ubiquitous in human body and are located on apical and basal membranes of cells (Ganapathy et al. 2004) . The transporters are highly expressed in the brain, particularly SLC19A1 in the cerebral cortex and cerebellum, whereas SLC19A2 and SLC19A3 are prominent D r a f t 6 in hippocampus, cerebral cortex, caudate nucleus, and cerebellum (The Human Protein Atlas, 2017).
Thiamin metabolism and brain functions
Thiamin is involved as a co-enzyme in more than 24 enzymatic reactions, including pyruvate dehydrogenase, transketolase, and α-ketoglutarate-dehydrogenase (Martin, 2003; Guerrini et al. 2007) . In CNS, these enzymes are crucial for biosynthesis of myelin and neurotransmitters (eg. acetylcholine, γ-aminobutyric acid (GABA), glutamate), and the production of NADPH and glutathione to combat oxidative stress (Fattal et al. 2011; Lieber, 2000; Leevy, 1982) , indicating that thiamin deficiency would lead to brain dysfunction. In addition, thiamin plays an important role in cell membrane structure and function and it acts against oxidative cytotoxicity and repairs damaged membrane sites (Ba, 2008; Fattal et al. 2011 ).
Low TPP concentration in the brain during gestation has been reported to lead to decreased brain weight and abnormal proliferation of cortical and hippocampi neurons .
Therefore, adequate levels of thiamin are crucial for maintaining normal brain function especially for the fetus at a vulnerable stage (Buerstatte et al. 2000) .
The absorption of thiamin starts in the duodenum through an active rate-limited, carriermediated process. At the blood-brain barrier, it is transported through both passive and active mechanisms. In neurons and glial cells, thiamin is converted to its active form of TPP, which further participates in carbohydrate and lipid metabolism, as well as production of amino acids and glucose-derived neurotransmitters (glutamate and GABA) (Sechi and Serra, 2007; Vaswani, 1985; Ba, , 2011 Lewohl et al. 1996) . After having completed its action, thiamin and its metabolites (2-methyl-4-amino-5-pyrimidinecarboxylic acid, 4-methylthiazole-5-acetic acid) are excreted through the urinary tract to maintain thiamin homeostasis (Amos and Neal, 1970) .
D r a f t
At the cellular level, the major enzymes affected by thiamin deficiency are α-ketoglutarate-dehydrogenase, transketolase, and pyruvate dehydrogenase, as described below (Figure 2 ):
α-Ketoglutarate-dehydrogenase activity During thiamin deficiency, the first impairment to occur in the brain happens in the choroid plexus, a system of cells that is responsible for production of cerebrospinal fluid (Nixon, 2008) . The biochemical change occurs due to the decline in α-ketoglutarate-dehydrogenase activity in astrocytes, which happens after about 4 days of thiamin deficiency (Sechi and Serra, 2007; Nixon, 2008) . The low activity of α-ketoglutarate-dehydrogenase leads to the decreased shift though the tricarboxylic acid (TCA) reactions, which in turn impairs brain energy metabolism and function (Lieber, 2000; Sheu and Blass, 1999) . In addition, a reduction in TCA reactions leads to decreased metabolism of the potentially excitotoxic neurotransmitter glutamate, which further exacerbates brain malfunctions (Figure 2 ) (Sheu and Blass, 1999) .
Transketolase
A decrease in the activity of transketolase appears after about 7 days of thiamin deficiency (Sechi and Serra, 2007) . The reduction in transketolase activity leads to impaired flux through pentose phosphate pathway (PPP) reactions, inhibiting the production of nicotinamide adenine dinucleotide phosphate (NADPH), which is a reducing agent in glutathione synthesis (Nixon, 2008; Martin et al. 2003; Mclaren et al. 1981) . In addition, an impairment of PPP reactions disturbs the production of ribose-5-phosphate, an important molecule in nucleotide synthesis, leading to inhibition of the synthesis of neurotransmitters, amino acids, and steroids, causing decreased neuronal development ( Figure 2 ) (Mclaren et al. 1981) .
Pyruvate dehydrogenase
The alteration in the activity of pyruvate dehydrogenase is not established until 10 days of thiamin deficiency (Nixon, 2008; Sechi and Serra, 2007; Lieber, 2000; Munujos et al. 1996) .
Similar to α-ketoglutarate-dehydrogenase, pyruvate dehydrogenase participates in the TCA cycle. Poor activity of pyruvate dehydrogenase results to the over-production of lactate by neurons and astrocytes, which increases an intracellular lactate accumulation and reduces pH (Munujos et al. 1996) . According to animal studies, apoptotic cell death in thalamic neurons appears after about two weeks of thiamin deficiency (Munujos et al. 1996; Miyazaki et al. 2012 ).
In addition, inactivity of pyruvate dehydrogenase leads to mitochondrial dysfunction and oxidative stress (Miyazaki et al. 2012 ). The major consequence of above-mentioned metabolic impairments is the loss of osmotic gradients across cell membranes, with cytotoxic edema and an increased cell-volume first in astrocytes followed by neurons (Sechi and Serra, 2007) (Figure 2 ).
Interestingly, these enzymatic responses to thiamin deficiency occur at different time points, however the reasons and mechanisms for this phenomenon are unknown. Disturbed enzymatic activity, resulting from thiamin deficiency, is reversible after immediate and sufficient thiamin therapy. Conversely, a delay of thiamin therapy leads to irreversible lesions in the third and fourth regions of the brain with permanent neurological damage (Chang, 2001; Kril and Haper, 2012 ) and a long lasting impaired language skills (Fattal et al. 2011) . Therefore, early detection of thiamin deficiency is critical.
Alcohol metabolism and brain functions
The primary enzyme systems responsible for the metabolism of alcohol are cytosolic alcohol dehydrogenase (ADH), peroxisomal catalase, and microsomal cytochrome P450 (CYP2E1). Most of alcohol metabolism is occurring in the liver. At low levels, the major D r a f t pathway of ethanol metabolism involves ADH, which breaks down ethanol to acetaldehyde, and acetaldehyde dehydrogenase (ALDH), further catalyzing acetaldehyde to acetic acid (Cederbaum, 2012) . CYP2E1 is activated by chronic ethanol consumption and plays an important role in alcohol metabolism at elevated alcohol concentrations.
Ethanol is considered to be a nutrient, with the caloric value of 7 kcal/g (Cederbaum, 2012) . However, dissimilar to fat (triacylglycerides in adipose tissues and liver) and carbohydrates (glycogen in liver and muscle), which are often stored and utilized when sources of energy are low (eg, fasting), ethanol does not contain storing properties and therefore it persists in tissues until eliminated.
In the brain, alcohol is metabolized to acetaldehyde mainly by catalase and CYP2E1, then to acetate by mitochondrial ALDH2. Acetaldehyde, a highly reactive molecule that forms adducts with biogenic amines, proteins, and DNA may be at least partially responsible for the behavioural effects of ethanol (Cederbaum, 2012) . After alcohol consumption, the brain preferentially uses acetate, rather than glucose, as a source of energy (Cederbaum, 2012) .
Factors leading to thiamin deficiency
Thiamin deficiency occurs during inadequate dietary intake and excessive consumption of alcohol (Ba, 2005; Mayordomo et al. 1992; Carpenter et al. 2000) . In developing countries, thiamin deficiency is a consequence of malnutrition, which is manifested through beriberi disease. Beriberi is characterized by malfunctions in cardiovascular system, edema, and weight loss (Carpenter et al. 2000) . Conversely, in developed countries, thiamin deficiency mostly results from excessive alcohol consumption leading to Wernicke's encephalopathy in the acute phase, and Korsakoff's psychosis in the chronic phase (Fattal et al. 2011; Dias et al. 2013) . The D r a f t neurological signs and symptoms of the disease include confusion, psychosis, ataxia, memory loss, and rapid eye movement (Martin et al. 2003; Fattal-Valevski et al. 2009; Fattal et al. 2011 ).
The disease can be reversed with high levels of thiamin intake and appropriate diet, however if overlooked, may cause permanent brain damage, seizures, and eventually death (Fattal-Valevski et al. 2009; Fattal et al. 2011 ).
Chronic alcohol abuse directly affects thiamin absorption in the gastrointestinal tract, which is well documented in alcoholic patients. It results in impaired phosphorylation/ dephosphorylation mechanisms, leading to severely diminished concentrations of thiamin in its active form, TPP (Butterworth, 1995; Martin et al. 1993) . Significantly lower TPP levels were found in patients who chronically abused alcohol (McLaren et al. 1981) . Experimental data, using alcoholic animal models, provides evidence that after three weeks of a thiamin deficient diet, the blood level of thiamin significantly decreases, leading to an impaired function of thiamin-dependent enzymes, which consequently affects the functions of cardiovascular, central and peripheral nervous systems (Fattal-Valevski et al. 2009; Langlais et al. 1996) .
Alcohol, Thiamin Malnutrition and the Developing Central Nervous System
It is well known that the most dynamic CNS developmental changes are occurring during prenatal period of life, as rapid neuronal growth, cell differentiation and proliferation occur during this period (Mayodormo et al. 1992) . Therefore adequate nutrient levels are especially critical during fetal development. Moreover, the demands of physiological changes during pregnancy lead to an increased need for various nutrients in order to meet the requirements of a mother and a fetus. Maternal malnutrition is a strong pre-determinant of preterm birth, low weight baby, still birth, and poor developmental outcomes (Black, 2001) . The D r a f t effects of thiamin deficiency on prenatal and postnatal nervous system development with and without ethanol exposure during pregnancy are summarized in Tables 1, 2 and 3 .
Maternal thiamin deficiency
Animal Studies
Experimental data in animal models indicates that maternal thiamin deficiency may lead to spinal cord malfunctions, deficits of the brain enzymes, psychomotor and sensory abilities, poor nerve conduction and myelinogenesis (Oliveira et al. 2007; Butterworth, 1995; Ba, 2005; de Freitas-Silva et al. 2010; Levin et al. 1985; Vaswani, 1985; Reddy and Ramakrishnan, 1982) ( Table 1) . A study conducted by Reddy and Ramakrishnan (1982) , reported that thiamin deficiency during pregnancy and lactation had an effect on brain lipid concentrations in the offspring, causing structural deficits in the white matter, where dense myelin is found.
Subsequent analyses of the effect of thiamin deficiency on the brain biochemistry documented reduced levels of galactolipids, phospholipids, plasmalogens, gangliosides, acetylcholine (Ach), and GABA contents (Vaswani, 1985; Reddy and Ramakrishnan, 1982; de Freitas-Silva et al. 2010; Kulkarni and Gaitonde, 1983) , which are all involved in neuronal signaling in brain network. The biochemical abnormalities caused by thiamin deficiency are preceded by physiological malfunctions such as deformity in posture, arched back, and hind limb paralysis and low body weight. It also leads to cognitive deficits including low learning speed and special tasks in rats de Freitas-Silva et al. 2010; Reddy and Ramakrishnan, 1982) ( Table 1) .
A body of early research on thiamin deficiency mainly focuses on the activity of thiamin dependent enzyme, transketolase. Authors stated that neurodevelopmental malfunctions seen in D r a f t experimental thiamin deficiency are the result of depletion of transketolase (Tallaksen et al. 1992; Geel and Dreyfus, 1974) . Geel and Dreyfus (1974) examined the effect of thiamin deficiency on transketolase activity in rats during two different critical periods of development.
Transketolase activity declined during the first 5 days of life. Cerebellum, diencephalon, and brain stem were found to be particularly sensitive to thiamin deficiency. After 5 weeks of thiamin deficiency animals exhibited reduced motor activity, ataxia, and arched back (Geel and Dreyfus, 1974) .
In a more recent study, thiamin deficiency during pregnancy initiated a significant reduction in the voltage-dependent K+ membrane conductance and considerably suppressed the transient A-type K+ currents leading to neuronal cell death in rats' offspring (Oliveira et al. 2007 ). Ba (2005) also stated that thiamin deficiency during nervous system development, interferes with cellular proliferation, differentiation and migration, leading to massive neuronal death. The author speculated that these observations are attributable to the role of thiamin in energy metabolism (Ba, 2005) . The effects of thiamin deficiency on nervous system are transferable to the effects of malnutrition, because pair-feeding animal experiments produce very similar outcomes (Ba, 2005; Ba, 2013; Fournier and Butterworth, 1989) .
Another study investigated the effect of biotin deficiency in conjunction with thiamin deficiency on producing abnormalities seen in FASD (Table 1 ). Fetuses exposed to biotin deficient diet demonstrated mild forms of intrauterine growth restriction (IUGR), whereas fetuses exposed to biotin-thiamin deficient diet demonstrated severe IUGR. In addition, authors observed dramatic differences in brain, placental, and body size between the groups. They recommended extrapolation of their findings to humans as it may assist in D r a f t 13 determining the etiology of FASD consequently contributing to possible beneficial nutrition interventions .
Human Studies
Only a few reports have been documented on the effects of thiamin deficiency and negative developmental outcomes in utero and in infancy (Table 2 ). There was one incidence of infant encephalopathy that occurred in Israel in 2003 (Fattal-Valevlski et al. 2009 ). Several infants were admitted in pediatric intensive care units with the symptoms of lethargy, vomiting, seizures, and coma. Investigation of the case revealed that all infants were consuming a nondairy, soy-based, thiamin-deficient infant formula (<0.5 ug/g vs 385ug as claimed in the formula). The symptoms disappeared upon consumption of thiamin supplementation. The authors followed the infants 25-39 months later to investigate the development of language skills. Children who consumed thiamin-deficient formula exhibited delayed language development, auditory comprehension, expressive communication and motor development compared to healthy controls. While there appeared to be a strong link between thiamin deficiency and delayed language development, the authors outlined several limitations to this investigation. Due to the introduction of possible thiamin containing foods, not all children started at the same baseline. In addition, the authors were unable to determine precisely when the soy-based formula was used during child's early development, resulting in the lack of correlation between the developmental parameters, timing, and duration of exposure to the thiamin-deficient formula. However, when they did a follow-up study of the affected children 5 years later, 97% of them had language impairment and 10% of them had conceptual disability (Fattal et al. 2011 ).
Regardless, this follow-up study indicated that thiamin deficiency experienced during the critical D r a f t developmental stage may have long lasting effects in later life, especially language impairment (Fattal-Valevski et al. 2009; Fattal et al. 2011 ).
Another case of infantile thiamin deficiency was recorded in groups of mothers and infants, from a westernized Caucasian community in Australia (Jeffrey et al. 1985) . Findings revealed that thiamin deficiency was high in 'near-miss' sudden infant death syndrome (SIDS) infants and their mothers, and in siblings of SIDS (Jeffrey et al. 1985) , however there is no robust data that confirms the relationship between thiamin deficiency and SIDS incidences (Table 2) .
One more report on thiamin deficiency during pregnancy revealed that thiamin concentrations are significantly lower in the blood cells of mothers whose pregnancy was complicated by the IUGR (Heinze and Weber, 1990) (Table 2 ). The IUGR-pregnancy patients were experiencing increased risk of preterm labor, fetal acidosis and fetal hypoxia (Heinze and Weber, 1990) . While authors speculated that such outcomes were not due to thiamin deficiency alone, they suggested that thiamin supplementation may reduce the severity of IUGR, especially in the later stages of gestation (Heinze and Weber, 1990) .
Maternal alcohol intake and thiamine deficiency
Animal Studies
Several animal experiments investigated the effects of alcohol and thiamin during pregnancy and lactation. Maternal thiamin deficiency and alcohol toxicity alter neuronal environment and morphology, decrease cell differentiation, resulting in an inability of the brain to respond to internal and external changes and create new neuronal pathways (Guerrini et al. 2007; Ba, 2011; 2005; Butterworth, 1993) . A study examining ethanol-thiamin D r a f t metabolic interaction, found that ethanol interferes with thiamin metabolism, resulting in impaired cell differentiation and membrane developmental processes mostly during prenatal, perinatal-, and postnatal stages (Ba, 2011) (Table 3 ). The author suggested that ethanol-thiamin interactions are at its peak during the perinatal stage as it primarily affects neuronal cell differentiation, which occurs during this stage (Ba, 2011) .
Pre-natal alcohol exposure and thiamin deficiency, induced through a thiamin-deficient diet, are found to be a risk factor for still births in pregnant Wistar rats . Still birth deaths were apparent and accounted for 84 % in the ethanol exposed and thiamin-deficient group (Table 3 ). In addition, prenatal thiamin deficiency without ethanol exposure increased spontaneous abortion by 40%. Thiamin administration reversed the rate of spontaneous abortions in the ethanol exposed and thiamin-deficient group. The author speculated that such deleterious pregnancy outcomes were not due to thiamin deficiency per se but rather due to the synergistic effects of both lack of thiamin and alcohol intake. In addition, the author hypothesized that still births, exhibited only by thiamin-deficient rats, were due to interferences with insulin growth factors (IGF-I and IGF-II) involved in promotion of cellular proliferation and differentiation, which control early gestation events. Lack of thiamin during gestation interferes with IGF-I and IGF-II leading to IUGR and impaired cellular proliferation and differentiation, thus compromising fetal viability. In addition, thiamin deficiency induced decreased gangliosides (Vaswani, 1985) , complex sphingolipids abundant in brain, which could have led to the impaired cell proliferation.
Several other studies examined the interference of ethanol with thiamin metabolism during various stages of gestation. The results showed that both gestational thiamin deficiencies and ethanol exposure throughout all 3 trimesters produce various neuronal cell deficit, reduced D r a f t brain size, increased neuronal cytotoxicity, delayed motor and cognitive functions, and increased neonatal anxiety Ba, 2005 Ba, , 2011 . Thiamin administration, during developmental ethanol exposure and thiamin deficiency, partially restored neuroanatomical damage (Ba, , 2011 (Table 3) .
Human Studies
While no studies have examined alcohol intake and thiamin deficiency during pregnancy, it is common that patients who abuse alcohol have lower intakes of macro-and micro-nutrients compared to the dietary reference requirements (Guerrini et al. 2007; Young et al. 2014 ).
Common vitamin and mineral deficiencies in alcohol abusing population include vitamin E, folate, vitamin C, vitamin D, riboflavin, vitamin B12, thiamin, zinc selenium, and several trace minerals (Guerrini et al. 2007; Young et al. 2014 , Butterwoth et al. 1993 ). Up-to-date, there are no studies that directly investigated maternal or fetal plasma thiamin levels, due to ethical and social concerns, however about 30-80% of alcohol abusers develop thiamin deficiency due to poor diet, reduced absorption, vomiting, and direct inhibition of thiamin activating enzymes (Butterworth, 1993; Homewood et al. 1997; Lieber, 2000; Guerrini et al. 2007 ).
While nutritional status during pregnancy has been a study target, there are no recent reports on the effects of alcohol on thiamin levels in pregnant women. For human infants, thiamin deficiency occurs mainly in mothers who have low thiamin status during pregnancy and lactation (Fattal et al. 2011; Guerrini et al. 2007 ). More research in human population is required to establish the thiamin-ethanol relationship and its effect on the CNS in developing fetus.
Conclusion
Determination of risk and protective factors for FASD is paramount for the development of successful prevention and intervention strategies. Various nutritional factors interact with D r a f t alcohol, potentially exacerbating or protecting against FASD. Pre-clinical animal studies provide evidence that prenatal ethanol exposure increases oxidative stress and impairs mitochondrial function and ATP production. Conversely, prenatal vitamin and mineral supplementation alleviates ethanol-induced teratogenicity reducing the severity of CNS dysfunction (Esper and Furtado, 2014; Ba, 2011) . A few animal studies had shown that thiamin administration during the perinatal stage of pregnancy has been able to reverse neurological damage done by maternal alcohol toxicity in combination with thiamin deficiency 2011) . These findings suggest that thiamin deprivation in alcoholic women may contribute to the severity of FASD and alcohol-related developmental deficits.
Inadequate maternal nutrition plays a significant role in FASD outcomes since nutrients are required to support fetal and maternal health. Heavy alcohol consumption is the leading cause of thiamin deficiency. While little is known about the contribution of thiamin deficiency to FASD outcomes, undernutrition is a common factor contributing to a majority of cases of FASD. Therefore, it is crucial to investigate the role of thiamin in mitigating FASD and other alcohol related birth outcomes. Understanding the mechanisms of thiamin involvement in brain development during gestational alcohol exposure is critical to efficiently plan and develop a nutritional strategy for FASD. TD: region-selective delays in the establishment of activities of thiamine-dependent enzymes; Pyruvate dehydrogenase activity in cerebral cortex were (20% P < 0.05); α-ketoglutarate dehydrogenase activity in cerebral cortex (30% P < 0.05); transketolase activity was in cerebral cortex, cerebellum and brainstem.
Thiamine replenishment: restored defective enzyme activities to normal level Fournier & Butterworth, 1989 Long-Evans Rats D r a f t (PDH), and α-ketoglutarate dehydrogenase (α-KDH). Low levels of these enzymes reduce flux through the tricarboxylic acid (TCA) cycle resulting in elevated cytosolic acidity, and decreased energy and neurotransmitter metabolism. Disturbed PDH activity also leads to mitochondria dysfunction and increases oxidative stress resulting in cytotoxic edema together with higher acidity. The PDH also leads to decreased acetyl Co-A for the synthesis of myelin, sterols and other neurotransmitters.
In addition, low thiamine pyrophosphate diminishes transketolase, which disturb pentose phosphate pathway, inhibiting NADPH production, glutathione production and nucleotide synthesis. 
